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Novel design concepts of widely tunable germanium terahertz
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Abstract

We explore the full parameter space for laser operation and compile guidelines for building improved Ge lasers,
especially for continuous wave applications. We present laser emission from p-type Ge lasers with small volumes at high
repetition rates and with inter-contact distances as low as 750 mm. The emission is analyzed as a function of the
current–voltage characteristic. The Poisson equation is solved to determine the electric field distribution and two new laser
designs are presented. q 1999 Elsevier Science B.V. All rights reserved.

PACS: 42.55.Px; 42.70.Hj; 78.45.qh
Keywords: Germanium; Far-infrared; Semiconductor laser; Tunable laser; Local oscillator; Heterodyne receivers

1. Introduction

Many physical phenomena have signatures in the
Ž .terahertz THz frequency region: quantized rota-

tional states of molecules and hyper fine structure
w xlines of atoms 1 ; van der Waals bonding energies,

e.g., in soft molecule crystals and organic semicon-
ductors; acoustical and optical phonons; hole energy
states and cyclotron resonance frequencies in 3D and
2D systems. Despite the potential wealth of scientific
information, studies of these phenomena have been
handicapped by the lack of an easily accessible,
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coherent, compact, powerful and tunable source op-
erating in the THz frequency range.

Germanium hot hole lasers emit THz radiation up
Žto several watts in a pulsed mode for a review see

w x.Ref. 2 . They operate with an inversion of the hole
population between the light and heavy hole bands in
crossed electric and magnetic fields. The light hole
states represent the upper laser states. Before 1995,
Ge lasers were operated with duty cycles of the order
of 10y5. We were able to drastically improve the
performance of these lasers with the discovery of

w xhigh optical gain in Be-doped Ge 3 . This material
has led to duty cycles of 2.5%. Ge lasers can be

w xoperated at repetition rates up to 45 kHz 4 . The
emitted laser pulse can last up to 32 ms. Our Ge:Be

w xlasers can be tuned continuously from 1 to 4 THz 5 .
They can be operated with small permanent magnets
w x6,7 and in closed-cycle refrigerators at temperatures

w xof up to 20–30 K 4,6 . Single line operation and
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mode line widths of 1 MHz have been demonstrated
w xin Ga-doped Ge lasers 8–11 .

For continuous wave operation of Ge lasers, we
have to reduce their power consumption and we need
to increase the conversion efficiency. In this article,
we focus on the electrical parameters which influ-
ence the power consumption of the Ge laser. We
relate those parameters to the applied fields, to the
crystal properties, to the dopant species and to the
emitted stimulated emission. Traditionally, the Ge
laser shape has been a rectangular parallelepiped
with two opposing ohmic contacts covering two
surfaces completely.

Our approach to reach continuous wave operation
of Ge lasers is to design an active laser volume with
a homogeneous field distribution while utilizing the
inactive, electric field-free Ge laser material as a heat
sink. Therefore, we analyze the electric field distri-
bution throughout the Ge laser volume. We present
two new ohmic contact geometries which may lead
to a variety of new laser designs. Those geometries
rely entirely on the use of Ge laser material doped

Ž .with semi-deep acceptors e.g., Be, Zn, Cu .

2. Experimental set-up

The method of the laser crystal preparation and
the typical experimental set-ups have been described

w xin detail 3–6,12 . For laser operation, the crystals
Ž .are immersed in liquid helium LHe at 4.2 K. We

use a superconducting coil to generate a variable, DC
Ž .magnetic induction B up to 3 T for the Faraday

w xconfiguration 3 . For the Voigt configuration, two
NdFeB permanent magnets of size 20=10=10 mm3

with a remanent induction of B s1.2 T are placedR

at opposite surfaces of the laser crystals separated by
w xthe crystal thickness 4,6 . No soft iron is used to

close the magnetic field lines because finite element
calculations did not show a significant increase in
the magnetic induction. Oxygen-free high conductiv-

Ž .ity OFHC copper heat sinks were attached to the
ohmic contacts of some of the lasers. Thin indium
sheets were inserted between the contacts and the
heat sinks to increase the contact area and to fill
voids in the Ge–Cu joint due to surface roughness.
The applied electric field was pulsed with variable

Ž . Žpulse lengths 0.1–100 ms and repetition rates 1

Table 1
Ge crystals used in this article: acceptor species, acceptor doping
concentration N , length L, width b, inter-contact distance dA

Acceptor N L= b= dA
14 y3Ž . Ž .10 cm mm=mm=mm

L0 Be 4.2 5.1=5.1=7.6
L1 Be 1.4 3.0=2.0=3.0
L2 Be 1.4 18=3.0=3.0
L3 Be 0.3 12=2.0=2.0
L4 Cu 15 7.5=3.0=2.0
L5 Al 1.2 3.0=2.0=4.0
L6 Be 1.4 10=2.4=0.75

.Hz–100 kHz . The polished Ge surfaces allow lasing
without an external cavity because of internal reflec-
tion caused by the high refractive index of Ge.
Emission pulses were measured by fast Ge:Ga pho-
toconductors and observed on a 500 MHz digital
oscilloscope. The spectral measurements presented
here were made with a grating spectrometer with a
low resolution of 0.5–1 cmy1. The crystals studied
except those with new contact geometries are listed
in Table 1. The material used for the lasers with new
geometries is identical to the material used for L1,
L2 and L6.

3. Hole population inversion and field homogene-
ity

The formation of the hole population inversion
can be described in a simplified, semi-classical pic-

w xture 13 . The main trajectory of holes at 4.2 K
™ ™Ž .LHe in crossed electric E and magnetic B fields

can be approximated with an orbit in velocity space,
neglecting all scattering events. The hole oscillates
through the origin in an orbit centered at the drift
velocity given by the applied fields Õ sErB. InD

the energy-momentum space, this oscillation corre-
sponds to an energy oscillation between Ws0 and
Ws2mU

Õ2 with the hole effective mass mU. TheD

light hole effective mass mU and the heavy holeL

effective mass mU f8=mU determine differentH L

maximum energies for the light holes, W s2mU
Õ2 ,L L D

and for the heavy holes, W s2mU
Õ2 , respectively.H H D

Heavy holes scatter into the light hole band with a
probability given by the ratio of the heavy and light
hole band densities of state when W )W whereH OP
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W denotes the optical phonon energy in Ge of 37OP

meV. A population inversion results when light holes
Ž .do not scatter with optical phonons W -W . TheL OP

heavy holes cannot reach the optical phonon energy
Ž .W -W for a field ratio smaller than 0.96H OP

Ž .kVr cm T . Therefore, the pumping of heavy holes
into the light hole band ceases and laser emission
does not occur. At field ratios higher than 2.75

Ž . Ž .kVr cm T W )W , both heavy and light holesL OP

emit optical phonons and the hole population inver-
sion is destroyed. This model predicts that optimum
pumping is achieved when the heavy hole energy
W coincides with the optical phonon energy for aH

Ž .field ratio of ErBs0.96 kVr cm T which corre-
sponds to a drift velocity of Õ f105 cmrs. For thisD

case, the heavy hole can scatter into the light hole
band with zero remaining kinetic energy.

In another description, we can evaluate the area
where holes do not emit optical phonons while mov-
ing on trajectories in velocity space in relation to the
whole velocity space which is defined by the inside

Ž .area of a circle with a radius of Õ Fig. 1a . ÕOP OP

™ ™Ž .Fig. 1. a Two dimensional velocity space in crossed E and B
fields. The main hole trajectories start at the origin. Oblique
hatching: trajectories of holes with a long lifetime, holes do not

Ž .emit optical phonons. b Trajectories of holes without optical
phonon scattering in three dimensions form a spindle-shaped
volume.

Fig. 2. Probability of light hole accumulation P and heavy holeL

scattering with optical phonons P vs. the field strength ratioH

ErB. The product P = P describes the probability for inver-L H

sion formation in Ge.

corresponds to the optical phonon energy W sOP

mU
Õ2 r2. In three dimensions, the hole trajectoriesOP

without optical phonon scattering occupy spindle-
Ž .shaped volumes Fig. 1b . If we denote the volume

of the spindle as V S, we can relate it to the whole
volume of the sphere Vs4p Õ3 r3. We find theOP

probability for the accumulation of light holes P sL

V SrV. The probability of heavy hole scattering PL H

which defines the rate of scattering into the light
hole band can be calculated as the volume V minus
the heavy holes trapped in the spindle volume V S asH

S Ž .P s1yV rV Fig. 2 . The product P =PH H L H

shows a maximum probability for a hole population
Ž .inversion at ErBs1 kVr cm T , similar to the

semi-classical picture.
For optimal laser amplification, the ratio ErB

should be kept constant in the whole active laser
volume, especially if a resonant model is considered
where the heavy hole energy precisely reaches the

Ž .optical phonon energy W sW . Such resonancesH OP

have been observed experimentally for first order
and higher order resonances where the maximum
heavy hole energy coincides with two, three or more

Ž . w xoptical phonons W snW ns2, 3, . . . 4,13 .H OP
w xStoklitskiy 14 calculated the lifetime of holes in

light hole Landau levels at a magnetic induction B
² :parallel to the crystallographic orientation 110 for

Ž .different electric field orientations in the 110 plane.
He showed that the longest lifetime can be achieved
with the electric field pointing parallel to another
² :110 direction. Varying the field orientation in the
Ž .110 plane can reduce the light hole lifetime by



( )E. Brundermann et al.r Infrared Physics & Technology 40 1999 141–151¨144

several orders of magnitude. Therefore, a constant
electric field orientation has to be achieved through-
out the active laser volume.

The laser mechanism crucially depends on orthog-
onal electric and magnetic fields. An electric field
component parallel to the magnetic field leads to an
acceleration of the holes in the direction of the
magnetic field. They quickly reach the optical phonon
energy and emit optical phonons so that the lifetime
of the light holes is significantly reduced. This effect
was used for the development of mode-locked Ge

w xlasers 15 . Additional electrical contacts were used
to intentionally apply a modulated electric field par-
allel to the magnetic field.

At a constant applied electric field, magnetic field
inhomogeniety leads to emissions over a range of

Ž .frequencies Fig. 3 . The laser emission frequency
depends on the magnetic field due to the energy
dependence of the light hole Landau levels which are
the upper laser states. They are spaced with the
cyclotron resonance energy hns"eBrmU . The cor-L

responding frequency n changes by 20.3 cmy1rT as
indicated by the dashed line in Fig. 3. We find that

Žthe maximum emission occurs at ErBf1 kVr cm
. y1T at nf80 cm . The emission could be related to

Ž .a transition from a light hole Landau level nq4 to
a light hole Landau level n or to a heavy hole

Fig. 3. Isointensity lines of the emission of laser L0 vs. magnetic
induction B and vs. frequency. The applied electric field was
Es0.83 kVrcm. The magnetic field was provided by a super-
conducting coil.

Landau level. An accurate assignment requires a
w xcomplete quantum mechanical treatment 5,16 .

At a constant magnetic field, variation of the
applied electric field changes the degree of Landau

w xlevel mixing as we have shown previously 5 . As a
result, different lower laser levels dominate the tran-
sition frequencies in dependence of the electric field
and the laser emission varies over a range of fre-
quencies as the electric field is varied.

Stoklitskiy’s calculation of the light hole lifetime
dependence on the electric field orientation gives an
additional argument. While changing one of the pa-
rameters E or B while leaving the other parameter
constant, we change the Hall field component of the
electric field in the crystal. Therefore, the total elec-
tric field which is the sum of the applied and the
Hall electric field changes both orientation and

w xstrength 17 .
Ž .So far we can conclude: 1 the magnetic induc-

tion B and the electric field E have to be simultane-
ously homogeneous and properly orientated in re-
spect to the crystallographic axes throughout the
lasing volume to allow optimal amplification of the

Ž .desired frequencies, 2 the ErB ratio has to be
Ž .constant and preferably equal to 1 kVr cm T

throughout the lasing volume to allow an optimal
formation of the hole inversion.

A homogeneous magnetic field can be generated
by well-designed superconducting magnet coils or
permanent magnets. However, the electric field is a
complicated function of the crystal geometry, the
electrical contact geometry and the Hall field compo-
nent induced by the magnetic field. Recently, the
electric field distribution for Ge lasers with rectangu-
lar cross-sections has been investigated theoretically
by solving the Poisson equation in two dimensions
w x17 . Indeed, the resulting electric field strength as
well as the orientation for the commonly used rect-
angular parallelepiped crystal geometry with a near-
square cross-section is very inhomogeneous. We find
the highest optical gain for a specific frequency for a
homogeneously doped Ge laser only in a fraction of

w xthe crystal volume 17 . One experimental attempt
w xwas made by Bespalov and Renk 18 to improve the

electric field homogeneity. They used a rhombic
cross-section which was inclined by the Hall angle to
improve the homogeneity of the electric field distri-
bution due to parallel equipotential lines. They found
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that the cyclotron resonance line width of the Ge
laser was narrower than that of a rectangular cross-
sections which they related to the improved electric
field strength.

Early research focused on rather large Ge lasers
with volumes of 1–2 cm3 which were doped with

w xshallow acceptors, mainly gallium 2 . Ge:Ga lasers
are dominated by internal self-absorption by those

w xshallow acceptors 19,20 . Be-doped Ge laser mate-
w xrial 3 improves the laser operation by eliminating

w xself-absorption 5 . In Zn- and Cu-doped Ge lasers,
w xthose absorptions are also eliminated 3,5,12 . Con-

trary to the other acceptors, Cu doping can be
achieved by diffusion into pure Ge at modest tem-

w xperatures and times 12,21 . We believe that the
performance of a Ge laser doped with deep acceptors
will be substantially improved through higher field
homogeneity.

4. Continuous wave operation and electrical pa-
rameters

The laser operating temperature of 20–30 K re-
quires a thermal power dissipation in liquid helium
or in a closed cycle refrigerator around 10–20 W.

We have investigated several possibilities to
achieve a reduction of the power consumption which
may lead to laser operation in thermal equilibrium at
the desired crystal temperatures. We have reduced
the crystal volume V down to 0.5 mm3. The power
consumption P was reduced to 4 W but the emis-

w xsion intensity was weak 4 . The laser operated only
in a pulsed mode which suggests that the coupling to
the heat sinks was not optimal. In a pulsed mode,
electric pulses of length t with a repetition frequency
f are applied. The duty cycle DC is given by t= f.
The power consumption which leads to the heating
of the Ge crystal lattice is then given by the mean
applied power PsP=DC.

There are two ways to reduce the crystal volume:
first, the ohmic contact area A can be reduced which
leads to a lower current I through the device; sec-
ondly, we can reduce the inter-contact distance d
which lowers the applied voltage U. As a conse-
quence, the electric field EsUrd and the current
density js IrA are unchanged. In addition, we can
lower the acceptor doping concentration N to re-A

duce the current density and therefore the current.
The current density is governed by the equations:

e2

jss EseN mEs N t E 1Ž .A AUm

with the conductivity s given by the mobility m and
the electron charge e. The mobility m can be further
separated by the introduction of the effective hole
mass mU and the scattering time t . Heavy holes are
the main constituent of the current due to their
heavier mass and therefore higher scattering proba-
bility with optical phonons in crossed electric and
magnetic fields so that mU can be approximated with
mU .H

If we return to the semi-classical description of
heavy hole trajectories which begin at the origin of
velocity space, we find that by increasing the field
ratio ErB we have the on-set of optical phonon
scattering at W sW . However, this is only aH OP

sharp on-set if we disregard the distribution of the
heavy holes around the main trajectory through the
origin. We can assume a distribution around the
main trajectory because impurity scattering and
acoustical phonon scattering can redistribute the holes
in velocity space below the optical phonon energy.
This effect is visible in Monte Carlo simulations
w x22 . For W )W , we find that the heavy holesH OP

will form a beam-like structure around the main
trajectory with frequent optical phonon emissions
w x22,23 . If we consider a spread of trajectories for
heavy holes around the main trajectory, we find that
the scattering time t will first increase with increas-
ing field ratio ErB while the spread trajectories lead
to optical phonon scattering despite W -W . WeH OP

find a maximum scattering time t when the main
trajectory with the densest population of heavy holes
reaches the optical phonon energy at W sW . AH OP

further increase of the ErB ratio, which means that
the effect of the magnetic field diminishes, leads to
the known saturation of the drift velocity and the
scattering time. Any further electric field increase
reduces the scattering time. The conductivity s

which is independent of the crystal volume and is
proportional to the scattering time, is therefore a
good parameter to define the optimal laser condition
at W sW . Here, s will have a maximum andH OP

Ž .the current trace in the I– ErB or for a constant
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induction B in the I–E-curve, will have the steepest
slope.

Fig. 4a displays the laser emission of L1 as a
function of the ErB ratio for different constant
magnetic induction B while varying the electric
field. We measured the maximum emission and the

Ž .steepest slope of the I– ErB -curve always at ErB
Ž .s0.96 kVr cm T while the current value is un-

changed. If we compare the current for different
magnetic fields at the same ErB ratio for ErB)

Ž .0.96 kVr cm T , we observe a minor increase in the
current value for an increasing magnetic induction.
We attribute this to the incomplete ionization of the

w xBe-acceptors 3,13 . The degree of ionization is even
w xlower in Cu-doped Ge lasers 12 . For a constant

ErB ratio, higher electric fields are necessary for a
higher magnetic induction which eases ionization of
the deeper Be-acceptors increasing the number of

Ž .free holes which is expressed in Eq. 1 by N .A

Ž .Fig. 4. a Laser emission intensity and current I of L1 vs. the
field strength ratio ErB for different magnetic induction Bs1.1

Ž . Ž . Ž .T dotted line , 1.6 T dashed line , and 2.1 T solid line ,
respectively. The electric pulse was applied for ts15 ms at a
repetition frequency of f s10 Hz. The magnetic induction B was

Ž .delivered by a superconducting magnet. b Current density j and
laser intensity for Ge crystals with different dopant species as

Ž .listed in Table 1: L1, Ge:Be laser dashed line ; L3, Ge:Be laser
Ž . Ž . Ždotted line ; L4, Ge:Cu laser solid line ; L5, Ge:Al laser solid

.line .

Fig. 4b displays the current density j and the laser
intensity as a function of the electric field E for
differently doped Ge crystals at the same magnetic
induction of Bs0.9 T. The shape of the j–E-curve
depends on the dopant species. We can explain the
behavior of the current density for the different
dopant species by a semi-classical description. The
heavy hole trajectories, mainly originating in the
center of the velocity space, can reach a maximum
kinetic energy W . If this energy is below the bind-H

ing energy of the acceptor, we cannot expect impact
ionization. The ionization energies of Al, Be, and Cu
are 11, 25 and 43 meV, respectively. For Bs0.9 T,
we expect a rapid on-set of the current density due to
impurity scattering and subsequent optical phonon
scattering which increases the number of free holes
N at Es0.49, 0.78 and 0.97 kVrcm, respectively.A

We observe a current density also at lower electric
fields for Al- and Be-doped Ge. We attribute this to
resonances of the heavy holes at the kinetic energy
W with hole transitions from the acceptor groundH

w xstate to bound excited states 3 . Subsequent ioniza-
tion and scattering leads to the current flow and
current density. The lowest resonance energy corre-
sponds to the G absorption line of the impurity. If
we disregard the magnetic and electric field splitting
of those lines, we can calculate a heavy hole kinetic
energy W resonance with the G-line at 6.6, 20 andH

39 meV, which for Bs0.9 T corresponds to Es
0.40 kVrcm, 0.70 and 0.98 kVrcm, respectively.

The incomplete ionization of Cu-doped Ge lasers
w xis reflected in the current density 12 . For E-1

kVrcm, the free holes and the current density in L4
are similar to a 50 times lower doped Ge:Be crystal
L3. The number of free holes is too small to allow
laser emission which begins for L4 and L3 at Es1
kVrcm. At Es1.5 kVrcm, the current density of
L4 is comparable to the value of the 10 times lower
doped Ge:Be crystal L1. However, at Bs0.9 T, we
significantly deviate from the optimal condition for

Ž .the hole inversion ErBs0.96 kVr cm T and las-
ing stops. Shallow acceptor doped Ge lasers like L5

Žtypically emit laser radiation for ErB41 kVr cm
.T which is not due to the absence of sufficient-free

holes during laser operation but a result of self-ab-
w xsorption by the shallow impurities 24,25 .

We find that Be-doped Ge material with a doping
concentration of N s1014 cmy3 allows optimalA
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laser emission at the optimal field ratio ErBs0.96
Ž .kVr cm T . In addition, lasers of this material can

be operated at a lower field ratio ErB and subse-
quently lower electric field values E and lower
current densities j in comparison to other dopant
species in Ge. That is especially important for con-
tinuous wave emission which requires a low input
power Ps jEV.

The laser field inside the Ge crystal leads to
stimulated transitions of light holes which are accu-

Ž .mulated in the spindle volume Fig. 1b into the
heavy hole band. Those transitions lead to an in-
crease in the number of free heavy holes which
scatter by optical phonon emission. Subsequently, a
current enhancement is measured even though the
pulse generator is a constant voltage source during

Ž .the applied voltage pulse Fig. 5 . This enhancement
can reach up to 8% for Be-doped Ge lasers while a
maximum of 4% has been found for Ga- and Al-

Ž .Fig. 5. a Emission intensity S , S and S , corresponding current1 2 3
Žpulses I , I and I , and current enhancements D I s I y s =1 2 3 i1 i i

. Ž .I r s = I for is2,3 of laser L2 at electric fields Es0.69,1 i 1

0.72 and 0.74 kVrcm, respectively. s is a scaling factor. The
Ž .magnetic induction was Bs0.7 T using permanent magnets. b

Emission intensity S and S , corresponding current pulses I and1 2 1
Ž . Ž .I , and current enhancement D I s I y s= I r s= I of laser2 21 2 1 1

L1 at applied electric fields Es0.48 and 0.52 kVrcm, respec-
tively. The magnetic induction was Bs0.66 T using a supercon-
ducting magnet. The dotted lines indicate the current pulse shapes
without stimulated emission.

Ž .Fig. 6. a Laser intensity of L1 vs. electric field E and vs.
repetition frequency f which ranges from 10 to 1000 Hz. The

Ž .electric pulse was applied for ts10 ms. b Conductivity s of L1
during laser operation vs. E and f. The magnetic induction was
Bs0.9 T using permanent magnets.

w xdoped Ge lasers 22 . The reduction of self-absorp-
tion in Be-doped Ge lasers leads to a more efficient
accumulation of light holes compared to shallow
acceptor doped lasers. Subsequently, the depletion of
the trapped and accumulated light holes by stimu-
lated emission will lead to a larger current enhance-
ment.

Fig. 6 shows the laser emission and the conductiv-
ity s of L1 which changes depending on the pulse
repetition rate f. As described in the semi-classical
model, we find the maximum laser emission occurs

Ž .at ErBs0.96 kVr cm T where the maximum
conductivity s is found. We observe that the current

Ž .enhancement cf. Fig. 5 is also visible in the con-
Ž .ductivity Fig. 6b and follows the laser intensity

Ž .Fig. 6a . The current enhancement is an independent
way to measure the laser emission pulse which is
typically detected by the Ge photoconductor.

Fig. 7 shows the laser emission of L1 as a func-
tion of the mean applied power P and repetition
frequency f. The maximum intensity drops between
10 and 100 Hz, then remains constant up to 400 Hz.
This indicates that a stable laser emission intensity
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for a range of average crystal temperatures can be
achieved. After each applied pulse, the laser crystal
cools down until the next pulse is applied. With
increasing repetition frequency, the crystal can no
longer cool down completely to the LHe bath tem-
perature and is newly pulsed at a temperature T )Ge

T s4.2 K. While T increases with f , we findLHe Ge

that the initial strong temperature dependence of the
Ge heat capacity below 10 K leads to a rapid crystal
temperature increase with the mean input power.
Above 10 K, this increase slows down resulting in a
constant maximum laser intensity. A further increase
of the mean applied power P)4 W for f)400 Hz
raises the crystal temperature to a value where acous-
tical phonon emission becomes significant by reduc-
ing the lifetime of the accumulated light holes. A
more detailed description of the thermal properties of
Ge lasers using heat sinks and small dimensions has

w xbeen given elsewhere 4 .
Thin layer lasers with large ohmic contact areas

allow optimal cooling by forming a good thermal
contact to the Cu heat sinks. One step in this direc-
tion is the investigation of the minimum thickness
for the inter-contact distance. Our current result is
ds750 mm. Fig. 8 shows the laser emission of L6
which is slightly stronger than the spontaneous emis-

Fig. 7. Laser intensity of L1 vs. average input power P and vs.
repetition frequency f which ranges from 10 to 1000 Hz. The
magnetic induction was Bs0.9 T using permanent magnets.

Fig. 8. Laser emission of L6 for a small inter-contact distance of
0.75 mm which is only 30 times larger than the emission wave-
length inside and 7.5 times larger than outside of the Ge crystal
for the magnetic induction of Bs0.7 T using permanent mag-
nets. The dashed line indicates the estimated laser threshold.

sion. In addition, lasers with a short Hall geometry
drLs0.075 have a homogeneous electric field
strength and orientation while the Hall field has a
minor influence.

5. New crystal and ohmic contact geometries

We have studied two new Ge:Be crystals and
contact geometries. One is a planar device prototype
with two contacts on the same surface of the laser

Ž .crystal Fig. 9a . We solved the Poisson equation for
this geometry:

DFs0 2Ž .
with a finite difference technique considering the
boundary conditions for those geometries in two or

w xthree dimensions 26 . The space charge was as-
sumed to be zero. The two ohmic contacts were
fixed at potentials F and F . The other metal-free1 0

crystal surfaces have to comply with tangential cur-
rent flow and the boundary conditions set by the Hall

™effect. With the vector n normal to the crystal
surface, the current condition can be introduced by:

™ ™IPns0. 3Ž .
For a magnetic field in the z direction, the Hall
effect leads to a relation for the electric field compo-
nents in the x and y direction. E sEFrEx andx
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Ž .Fig. 9. a Study of a Be-doped Ge crystal with two ohmic
contacts on the same surface separated by ds10 mm. The

Ž .magnetic induction was Bs0.7 T using permanent magnets. b
Calculated potential F for a potential difference of F yF s6501 0

V between the ohmic contacts. The equipotential lines are indi-
Ž .cated with 50 V spacing. c Calculated field lines for constant

electric fields E with 0.1 kVrcm spacing.

E sEFrE y are then a function F of the tangents ofy

the Hall angle a :H

Ey
sF tan a . 4Ž . Ž .Ž .HEx

In the calculation, the maximum Hall angle given by
Ž .tan a spr2 was used which occurs for ErBsH

Ž . w x0.96 kVr cm T 23 .
The calculation shows a very homogeneous poten-

Ž .tial distribution Fig. 9b between the ohmic contacts
which results in a nearly constant electric field

Ž .strength Fig. 9c . The finite mesh used in this
calculations allows to evaluate the electric field
strength in the crystal volume by counting the occur-
rence of the electric field strength in 0.1 kVrcm
intervals. This calculation in relation to the total
number of mesh points is shown in Fig. 10a for
UsF yF s650 V. The dominant electric field1 0

strength is found to be close to Urds0.65 kVrcm.
Laser emission of this crystal was detected perpen-
dicular to the magnetic field emitted from the 3.2=

3.9 mm2 surface. It is displayed in dependence of the
Ž .applied potential difference Fig. 10b .

Fig. 11 shows another laser geometry with a
volume of 18=4=4.1 mm3. One contact was re-
duced to 4=4 mm2 of the opposing contact area
which was 18=4 mm2 with an inter-contact dis-
tance of 4.1 mm. The contact structure can be viewed
as inverted to the geometry displayed in Fig. 9a. We

Ž .calculated the potential Fig. 11a and the electric
Ž .field distribution Fig. 11b and evaluated the electric

Ž .field strength Fig. 11c in the laser volume. Laser
emission was detected in the direction of the mag-
netic field as shown in Fig. 11d. Although the field
strength is highly inhomogeneous, lasing is ob-
served. Most of the laser volume has low electric
fields and serves as a heat sink.

The successful operation of the above described
laser structures rely on the use of Ge laser material
with deep acceptors. Laser photons are not absorbed
in those impurities so that crystal volumes without
electric fields can be considered as pure Ge sub-
strates. This new concept in Ge laser engineering
may lead to a variety of new laser designs. It is
possible to integrate optical resonators on the same
crystal. The inherent self-absorption in shallow ac-
ceptor doped Ge lasers requires that the laser crystal

Ž .Fig. 10. a Count of the calculated electric fields in the Ge crystal
Ž .as shown in Fig. 9a for F yF s650 V. b Measured laser1 0

intensity of the crystal shown in Fig. 9a vs. the applied potential
difference or voltage UsF yF .1 0
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Fig. 11. Study of a Be-doped Ge crystal with an inverted contact
geometry in comparison to the laser shown in Fig. 9a. The

Ž .magnetic field was applied by a superconducting magnet. a
Calculated potential F for a potential difference of F yF s6001 0

V between the contacts. The equipotential lines are indicated with
Ž .75 V spacing. b Calculated field lines for constant electric fields

Ž .E with 0.3 kVrcm spacing. c Count of the calculated electric
Ž .fields in the Ge volume. d Parameters in the U – B plane for

which laser emission was measured.

is active in the full crystal volume, meaning that
electric contacts typically cover two opposite crystal
surfaces completely. Optical resonators, typically
structured metal layers, have therefore been sus-
pended from the laser crystal by pure Si, Ge or
quartz substrates to avoid electrical shorts and field

w xdisturbances 8–11 . An integration of those res-
onators without interfaces which are between the
traditionally used substrates and the active laser
medium reduces the possibility of unwanted reflec-
tions. In addition, the cooling can be improved by
coupling the heat sink without interfaces to the ac-
tive laser medium. Here, the heat sink is the inactive
Ge.

6. Conclusion

We have derived the optimal laser parameters for
Ge lasers. The optimal laser material seems to be
Be-doped Ge with a Be concentration of N f1014

A

y3 Ž .cm operated at ErBf1 kVr cm T . We have
demonstrated and calculated new laser geometries of
Ge:Be lasers. The use of Ge laser crystals doped
with semi-deep acceptors opens new possibilities for
Ge laser engineering. Integrating resonators and de-
veloping new electrical contact geometries for Ge
lasers offer new challenges. Inactive Ge can serve as
a heat sink in which heat generated in the active
parts can be dissipated. The new designs have to pay
special attention to the electric field orientation and
field strength. With the successful operation of the
planar ohmic contact design and with possible thin
active laser layers, we believe that a continuous
wave Ge THz laser with a strong THz emission can
be built in the near future.
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